Objective-Left ventricular (LV) function and dyssynchrony parameters measured from serial gated single-photon emission computed tomography (SPECT) myocardial perfusion imaging (MPI) using blinded processing had a poorer repeatability than when manual side-by-side processing was used. The objective of this study was to validate whether an automatic alignment tool can reduce the variability of LV function and dyssynchrony parameters in serial gated SPECT MPI.
Introduction
Cardiac resynchronization therapy (CRT) has been reported to improve the quality of life, left ventricular (LV) function, and mortality in patients with New York Heart Association class III-IV heart failure, left ventricular ejection fraction (LVEF) less than or equal to 35%, and QRS duration on the surface ECG of at least 120 ms [1] [2] [3] . However, 20-40% of the patients having CRT do not respond to this expensive and invasive procedure [1] . Previous studies showed that the main reasons for nonresponse to CRT were: (a) selection of patients without significant baseline LV mechanical dyssynchrony [4] ; (b) inappropriate position of the LV pacing lead [5] ; and (c) large myocardial scar burden [6] . In those studies CRT response was defined as either a change in LV function parameters [LVEF and LV endsystolic volume (LVESV)] [7] or clinical improvement at 6-month follow-up [8] . In addition, changes in LV mechanical dyssynchrony after CRT have been shown to correlate independently with LV reverse remodeling (changes in LV volumes and LVEF) [9] . As CRT response is assessed by comparing LV function and dyssynchrony parameters before and after CRT, the repeatability of the measurements of those parameters is very important.
Echocardiography is the most widely used modality for measuring LV function and dyssynchrony parameters for CRT. However, echocardiography requires expertise to obtain reliable results. Echocardiography has been found to have poor reproducibility when applied in a multi-center trial setting, such as the Predictors of Responders to Cardiac Resynchronization Therapy (PROSPECT) trial [10] .
Gated single-photon emission computed tomography (SPECT) myocardial perfusion imaging (MPI) is an alternative approach to measuring LV function and dyssynchrony [11] [12] [13] . Importantly, it has been shown that LV function and dyssynchrony parameters measured by gated SPECT MPI are highly repeatable in patients with standard indications for CRT [14] . In that study the LV function and dyssynchrony parameters obtained by blinded processing had a poorer repeatability than those obtained by side-by-side processing, because blinded processing resulted in inconsistent reorientation and apical/ basal slice selection between serial images.
A software tool has been developed to automatically align serial gated SPECT images and improve consistency in apex/base selections. The objective of this study was to prospectively validate whether this tool could improve the repeatability of LV function and dyssynchrony parameters measured by serial gated SPECT.
Materials and methods

Patient studies
This study enrolled 30 patients referred for clinically indicated stress testing to the University of Pittsburgh Medical Center who consented to participate in a study evaluating the repeatability of LVEF measurements on two serial gated SPECT MPI studies. The average age was 63±12 years, and 19 (63%) were men. The primary indication for stress testing was preoperative cardiovascular evaluation in 12 (40%), chest pains in nine (30%), exertional dyspnea in five (17%), and evaluation of known CAD in two (7%), syncope in one (3%), and congestive heart failure in one (3%). Twelve patients (40%) had abnormal perfusion on SPECT. The summed stress score from the clinical readings was 10.5±8.1 (range 3-30). The resting ECG showed left bundle branch block, right bundle branch block, and right ventricular paced rhythm in 1, 2, and 3 patients, respectively. Emory University served as the core laboratory for image analysis. This study was approved by the Institutional Review Boards of University of Pittsburgh Medical Center and Emory University School of Medicine.
Imaging acquisition and processing
All patients underwent same-day, rest-stress 99m Tc sestamibi gated SPECT MPI on a dualheaded camera (Philips Medical Systems, Milpitas, California, USA) using standard imaging acquisition parameters (step and shoot format with 25 s per each of 64 stops, 1801 orbit, and low-energy high-resolution collimators) and 16-bin gating. Thirty minutes after the first poststress acquisition, patients were repositioned on the table by a separate technologist, and a gated SPECT MPI image was reacquired. The two poststress gated SPECT MPI images were analyzed in this study.
The Emory University Nuclear Cardiology R&D laboratory served as the core laboratory for this study. All patient studies were sent to Emory for image processing and analysis. All processing methods used standard iterative reconstruction and Butterworth filtering. Three methods were used to process the patients' gated SPECT images. The first method was manual blinded processing by an experienced technologist. The technologist processed the first poststress data set weeks before processing the second poststress data set. The second method was manual side-by-side processing to minimize potential inconsistency in oblique reorientation and apical/basal slice selection between the two serial gated SPECT studies. The third method was automatic alignment of the two poststress data sets using the developed automatic alignment tool. After processing, the aligned data sets were sent to the Emory Cardiac Toolbox (Emory University, Atlanta, Georgia, USA) to measure ejection fraction (EF), ESV, end-diastolic volume, phase standard deviation, and phase histogram bandwidth (PHB).
Automatic alignment tool
The approach was to first rigidly align the ventricles in summed (static) versions of both studies and then adjust the apical and basal slices on each frame so that they are consistent. The alignment methods have been described previously [15] . Briefly, the LV epicardial boundaries estimated from automatic perfusion analysis were used to create a binary mask containing the LV. These masks were dilated nonsymmetrically and then rolled off at their edges using a Gaussian function to eliminate sharp edges. The summed perfusion images were multiplied by this mask to remove extracardiac structures. Following this step, the two LV images were aligned over three-dimensional translations and rotations by minimizing their normalized mutual information. The minimization was performed using the direction set method of Powell [16] . As a resampled image requires interpolation that may slightly reduce resolution, this alignment was performed in two steps. Study 1 was first aligned to study 2. Study 2 was then aligned to the resampled version of study 1, and study 2 was then resampled. The two transformations were applied to each of the original, unmasked gates of the appropriate studies, which were then resampled to create aligned gated studies.
Apical and basal slice selections were then refined so that the gated polar maps were similar for each gate. First, a new apical/basal slice was chosen for the end-diastolic gate of study 1 by finding the best slice that matched 'template' apical and basal slices. The templates were created by averaging apical and basal slices chosen by an expert from 10 randomly chosen studies taken from our clinical database, not included in the rest of the analysis. This 'template' set consisted of images from six female and four male patients; four of the studies had inferior defects not reaching the base, and two had septal perfusion defects, again not affecting the base. Five studies were normal; thus, one study had both septal and inferior defects. To create the basal template, the base slice chosen by the expert for each patient was extracted from the study, and these 10 basal slices were averaged, pixel by pixel, to create a gray-level 'average' base slice image. The template was normalized to a maximum of 100. The apical template was created similarly using the expert's chosen apex slices. Candidate apical and basal slices of the end-diastolic frame were normalized using their maximum within the radius of search used for perfusion quantification and then translated and rotated in 2 days until each best matched the template using normalized least squares as the cost function and the Powell method for optimization [16] . Then the slice with the lower overall cost was accepted as the most likely apical/basal slice for the end-diastolic frame. The enddiastolic frame was resampled to create a polar map using the new apex/base; this plot was normalized by dividing it by its mean and multiplying by 100. For each subsequent frame, apical and basal slices were adjusted and new polar plots were generated; each of these was also normalized by its mean. For each frame, the apex and base that created a new normalized polar plot that best matched the normalized ED plot in the least squares sense were accepted as the best parameters. For study 2, the apex/base of the end-diastolic frame was adjusted until the polar map for study 2 best matched the polar map of the end-diastolic frame of study 1. The rest of the gate's apical and basal slices were then chosen such that the polar plots matched that of the end-diastolic frame in study 2. This process and its results are shown in Fig. 1 .
Statistical analysis
Paired t-tests were used to compare the difference in LV function and dyssynchrony parameters between the two serial gated SPECT studies. The mean differences (μ) and SD of the differences (σ) were calculated to describe the repeatability of the LV function and dyssynchrony measurements. The F-test was used to compare variability of these parameters among blinded processing, manual side-by-side processing, and automatic alignment.
Results
The automatic tool failed in one patient who had a large, severe perfusion defect in the inferobasal wall, coupled with significant gut uptake. Therefore, the final analysis of this study was based on 29 patients.
The mean difference and SD of difference in the LV function and dyssynchrony parameters between the serial scans were calculated and are listed in Table 1 . EF, end-diastolic volume, and PHB were significantly different between the two serial scans for blinded processing by the paired t-test. There were no significant differences in any parameters between the two serial scans for manual side-by-side processing or automatic alignment. With the F-test, the variations in ESV, phase standard deviation, and PHB between the two serial scans were significantly larger for blinded processing compared with automatic alignment. The variations in any parameters between the two serial scans were not significantly different between manual side-by-side processing and automatic alignment. Figure 2 shows two serial scans of a patient example processed by independent, manual alignment and automatic alignment. Manual side-by-side processing and automatic alignment had more consistent reorientation and apical/basal slice selection as compared with blinded processing. The better consistency led to less variability in the LV function and dyssynchrony parameters between the two serial gated SPECT studies.
Discussion
The main finding of this study was that the variability in the LV function and dyssynchrony parameters obtained by automatic alignment was significantly less than that obtained by blinded processing and was comparable to that obtained by manual side-by-side processing, validating that the automatic alignment tool can improve the repeatability of LV function and dyssynchrony measurements by serial gated SPECT. Such improvement was achieved by consistent reorientation and apical/basal slice selection between serial images.
Other studies have shown that precise alignment between serial scans, rest and stress scans, or even perfusion and metabolism images improves the comparison between them and allows better analysis of the difference [15, 17, 18] . Consistent parameters are also intuitively important for reproducible processing. Apex/base selection, in particular, is critical for accurate volume and EF analysis, as well as for dyssynchrony measurements. As phase analysis looks at the time course of three-dimensional-sampled myocardial points, and the coordinate system of these points can change from frame to frame depending on placement of the apex and base, including or excluding slices even from a single frame of the cardiac cycle may cause changes in the phase calculations toward the base. In turn, these phase measurements will generally affect the bandwidth and SD in the dyssynchrony analysis. Improving consistency in the appearance of the gated polar maps themselves helps to ensure that these errors are minimized. In essence, the template matching for end-diastolic apex/base selection improves accuracy, and the polar map matching for consecutive frames improves the consistency of the apex/base on a frame-by-frame basis.
One type of CRT response is defined as positive long-term change in LV function parameters, such as improvement in LVESV and LVEF at 6-month follow-up [7] . In addition, acute changes in LV dyssynchrony parameters have been shown to be predictive of CRT long-term response [19] and patient outcome [20] . Therefore, improving the repeatability of LV function and dyssynchrony measurements by serial gated SPECT is important, because more repeatable techniques can measure smaller changes in these parameters before and after CRT. Lin et al. [14] reported that processing serial gated SPECT studies side-by-side is desirable, as this approach can reduce variation resulting from image processing. However, automatic alignment has multiple advantages over manual side-byside processing. It is objective and less dependent on the operator's experience. It is automatic and less time-consuming. It is convenient to use, as it does not require reprocessing of raw gated SPECT data.
The main limitation of this study is that automatic alignment failed in one patient with a large inferobasal scar and significant bowel uptake. In this patient, the original parameters for perfusion quantification did not find the heart in one of the studies, resulting in extracardiac regions in the masked image. Consequently, the alignment was between the LV in one study and the liver in the other. This indicates that the alignment tool needs manual supervision to ensure correct alignment, especially for cases with significant extracardiac uptake. Other limitations of the alignment tool could be: (a) apex/base finding may fail in the case of severe apical/basal abnormalities, in that the basal slices of the study do not look sufficiently like the template and/or the apex is nonexistent; and (b) in severely dyssynchronous ventricles, the gated polar maps may change appearance during the cardiac cycle, and this may hinder consistent apex/base selection. These problems did not occur in this population and thus could not be evaluated further.
Conclusion
The automatic alignment tool can be an alternative method to manual realignment to improve the repeatability of LV function and dyssynchrony measurements by serial gated SPECT MPI. Manual supervision is needed for cases with severe perfusion defects and/or significant overlapping extracardiac uptakes. (h) Gated polar maps for (f). Note that, after alignment, gated studies are better aligned, particularly about the vertical axis. Polar maps are more consistent particularly toward the base. To help demonstrate this, lines were drawn to nearly bisect the inferior wall of the first frame of study 1, and identically angled lines were copied onto frame 1 of study 2. Polar maps are more consistent particularly toward the base; arrows showing the basal differences before and after the new parameter finding are drawn on frames 1 and 3. Although these differences are admittedly subtle, even in this patient the average phase standard deviation decreased from 53 to 8.1, and the repeatability of phase standard deviation decreased from 9 to 1.2 after alignment. A patient example obtained by blinded processing (a), manual side-by-side processing (b), and automatic alignment (c). When processed blinded, the two serial images had inconsistent oblique reorientation [shown on the horizontal long-axis images in (a)] and apical slice selection [shown on the vertical long-axis images in (a)]. Manual side-by-side processing and automatic alignment better aligned the two images and improved the repeatability of the measured parameters. EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; PHB, phase histogram bandwidth; PSD, phase standard deviation. Table 1 Differences in LV function and dyssynchrony parameters between serial gated SPECT studies given by blinded processing, manual side-by-side processing, and automatic alignment 
